The community of bacteria harboured within the gastrointestinal tract of animals -'the gut 44 microbiome'has been established as an important determinant of host health and physiology 45 (Sekirov et al. 2010) . Although research has largely focused on humans and model organisms, it is 46 becoming increasingly recognised that the gut microbiome may play an important role in a variety of 47 ecological and evolutionary processes, as it has been associated with disease resistance, behaviour, 48 mate selection, longevity, and adaptation (Sharon et To date, multiple studies have focused on the reliability of methods for storing and preserving 52 samples, as well as techniques for processing data from high-throughput sequencing (see e.g., It is, however, not known if the microbiota of the cloaca provides an accurate reflection of the 69 bacterial community in the gut, and whether cloacal sampling is a good alternative method to faecal 70 sampling. From a theoretical point of view, there are reasons to believe that the bacterial community 71 of the cloaca is not simply seeded with bacteria from faeces. The cloaca constitutes the single 72 posterior opening for the digestive, reproductive, and urinary tract in birds, reptiles, amphibians, 73 proximity of the mucosal cloacal microbiome to both the external environment and host tissue, 83
including secreted mucus with immune cells and antimicrobial molecules, likely results in a microbial 84 environment different from that of the gut, and potentially therefore structural differences in 85 microbiota. Nevertheless, several studies investigating bacterial gut composition in birds directly refer 86 to cloacal swabs as faecal samples, with the assumption that they are equivalent (Dewar et al. 2013 (Dewar et al. , 87 2014 Allegretti et al. 2014; Stanley et al. 2015) . 88
In line with the idea that the cloaca may accommodate different bacteria, two studies 89 evaluating cloacal swabs with caecal samples in chickens found large differences in bacterial 90 communities (Stanley et al. 2015; Zhang et al. 2017 ). It has been argued, however, that cloacal 91 samples may still reflect the presence of the vast majority of caecal bacteria if they are sequenced 92 deep enough (Stanley et al. 2015) , and it is unclear whether faecal sampling would provide a more 93 accurate picture. This raises the issue of whether particular sampling techniques are superior at 94 measuring specific groups of bacteria in the gut microbiome. For example, certain bacterial taxa may 95 be more widely distributed along the gastrointestinal tract and hence easier to monitor, while other 96 taxa may be confined to specific locations in the gut and thus not well represented by any sampling 97
method. Uncovering what attributes of the gut microbiome different types of sampling methods are 98 able to measure, and what they can infer about the microbial communities present in the different 99 sections of the intestinal tract will be essential to advance our understanding of host microbiomes. 100
In this study we evaluate the accuracy of two commonly used microbiome sampling 101 techniques for birds: cloacal swabs and faecal samples. We test the similarity of the cloacal and faecal 102 microbiomes to three parts of the gastrointestinal tract: ileum, caecum, and colon. For this purpose, 20 103 juvenile ostriches between four to six weeks old were used as a case study. 104 106 107
Study species 108
We used the ostrich, Struthio camelus, as case study species, kept under controlled conditions at the 109 Western Cape Department of Agriculture ostrich research facility in Oudtshoorn, South Africa. The 110 samples in this study were obtained in 2014 from a total of 20 juveniles, which included ten 111 individuals four weeks old and ten individuals six weeks old. Ostrich chicks can easily be maintained 112 and handled in an experimental setting, and this specific age group is ideal in size and temperament 113 for both faecal sampling and dissection, allowing us to efficiently retrieve all necessary samples in a 114 standardised way. The chicks were housed and reared with their contemporaries in four separate 115 groups in indoor pens in the same building, containing approximately 35-40 individuals in each group 116 at the time of sampling. During the daytime they had access to outside enclosures where they could 117 peck freely in soil, and were given ad libitum access to fresh water and food throughout the trial. 118 119 120
Sample collection 121
Faecal samples were collected from all chicks one day before scheduled euthanization and dissection, 122 by placing sterile plasters over their cloaca and retrieving the collected fresh faeces approximately one 123 hour later. Two to three chicks were randomly selected from each group for gut sampling, totalling 124 ten individuals per sampling event, one at four weeks of age and one at six weeks. Before dissection, 125 the 20 randomly selected chicks were euthanized by a licensed veterinarian who severed the carotid To minimize contamination between samples and individuals, a number of precautions were 133 taken. Lab benches and surfaces were routinely sterilized with 70% ethanol, and equipment used 134 during the dissection was first cleaned with hot water, then rinsed with 70% ethanol and subsequently 135
placed in the open flame of a Bunsen burner between each sample collection for sterilization. Control 136 swabs were collected during both dissection events and during the faecal sampling. The control swabs 137 followed the same initial procedure as the cloacal swabs (dipping sterile cotton swabs in PBS), but 138 instead of sampling the bird, they were exposed to potential microbes in the air by waving the wet 139 swab around in the dissection/sampling room. All samples were collected in plastic 2 ml micro tubes 140 (Sarstedt, cat no. 72.693) between October 28 and November 12, 2014, and stored at -20 °C within 141 two hours of collection. They were subsequently transported on ice to a laboratory and stored at -20 142
°C. 143 144
We prepared sample slurries for all sample types with guidance from Flores et al. (2012) Sequencing Library Preparation Guide (Part # 15044223 Rev.B). All samples in this study (Table S1 ) 153
were sequenced in one 300-bp paired end run on an Illumina MiSeq platform at the DNA Sequencing 154
Facility, Department of Biology, Lund University, Sweden. In a subsequent run, we sequenced blank 155 samples and additional control samples that were collected during the trial for a related project. These 156 control samples were not essential for this particular study, but were included to increase the number 157 of controls. As a result, a total of 117 different samples plus 54 sample replicates (see Supplementary  158 Methods) were part of this study. 159 160 161
Data processing 162
The 16S amplicon sequences were quality controlled using FastQC (v. 0.11.5) (Andrews 2010) errors. This results in exact sequence variants (ESVs), also called amplicon sequence variants (ASVs), 172 oligotypes, and sub-OTU (sOTUs). In order to avoid confusion, we chose to call these units OTUs, 173 but the reader should be aware that they differ from the traditional 97% clustering approach (Callahan 174 et al. 2017). The minimum reads-option was set to 0 to disable filtering inside Deblur, and all 175 sequences were trimmed to 220 bp. We used the biom table produced after both positive and negative 
Overall microbiome composition in different sample types 225
First, we evaluated the overall pattern of the microbial community reflected by the two sampling 226 techniques (cloacal swabs and faeces) and the three different sections of the avian gastrointestinal 227 tract (Figure 1) . The abundance of bacterial taxa in the microbiomes of the caecum, colon, and faeces 228 showed large overall similarities ( Figures 1C, 1D) , especially the faecal and colon samples which 229 closely clustered in the network plot ( Figure 1B) . These three sample types also had the highest and Wilcoxon signed rank test against caecum: V = 37, p = 0.009; against colon: V = 4, p < 0.0001, and 237 against faeces: V = 17, p = 0.0004), and so did the ileum (H = 2.50, pairwise comparisons against 238 caecum, colon, and faeces: V = 0, p < 0.0001). The cloaca showed a distinct microbial community 239 from all other samples at the class level with a high relative abundance of Gammaproteobacteria and 240
Bacilli, and a lower abundance of Clostridia ( Figures 1C, 1D ). The ileum also showed higher 241 abundance of Bacilli and lower abundance of Clostridia, but was overall dissimilar to all other 242 samples with a high representation of Betaproteobacteria and very few Bacteroidia (Figures 1C, 1D) . 243 244 245
Distances between the microbiomes of the cloaca and faeces to the gut sections 246
Second, to evaluate overall microbiota distance dissimilarities between the two sample methods to the 247 gut samples, we conducted multivariate analyses of variance (Adonis). All comparisons were 248 significantly different from each other (PERMANOVA: p < 0.001), indicating that each sample type 249 harbours a unique microbiome. This was due to differences in mean distances between communities, 250 not differences in variances, as there was no difference in dispersion between sample types 251 (multivariate homogeneity test of group dispersions: adjusted p > 0.152). The two most similar 252 sample types were the faeces and colon, which resulted in a low R 2 (0.069), whereas the cloaca and 253 colon were more dissimilar (R 2 = 0.099). Both sampling methods reflected greater dissimilarities to 254 the gut sections further up in the gastrointestinal tract, with faecal samples being more distant to the 255 caecum (R 2 = 0.191) and the ileum (R 2 = 0.160), as were cloacal samples (caecum: R 2 = 0.136, ileum: 256
To directly test how well cloacal swabs and faecal samples represented the microbiota in the 258 gut, we calculated community Bray-Curtis distances between the faecal and cloacal samples to each were significantly closer in distance to the colon than the cloacal samples were (cloacal mean distance 264 = 0.74, faecal mean distance = 0.63, V = 164, p = 0.027) ( Figure 2) . 265 266 267
Correlation of bacterial abundances in the cloaca and faeces with the gut sections 268
We further evaluated how accurately the sampling techniques represented the abundance of 269 all OTUs in the ileum, caecum, and colon, and found that the correlations of both faecal and cloacal 270 samples with the ileum and caecum were weak (r = 0.045-0.268; Figure 3) . Conversely, the 271 correlations with the colon were strong, especially for the faecal samples (r = 0.558 versus r = 0.476 272 for cloacal swabs; Figure 3) . When analysing the abundances of different bacterial phyla separately, 273
we again found that the correlations between the sampling methods and the ileum were weak for all 274 six phyla (r < 0.275; Table S2 ). The phyla abundance correlations were stronger for the colon (r = 275 0.246-0.803; Table S2 ), but highly variable for the caecum (r = -0.127-0.633; Table S2 ). Similar 276 patterns of correlation were also found when analysing abundances across different bacterial classes 277 (Table S3 ). More specifically, the phylum Bacteriodetes had the strongest correlations between both 278 sampling methods and each of the three gut sections (Table S2) , and at a lower taxonomic level, the 279 two classes Bacteriodia (phylum: Bacteroidetes) and Coriobacteriia (phylum: Actinobacteria) 280 displayed strong correlations between each of the two sampling techniques to both the caecum and 281 colon (Table S3 ). Overall, the correlations between faecal samples and cloacal swabs to the different 282 parts of the gut were similar with a few exceptions. For example, the abundance of Actinobacteria in 283 the colon and caecum appeared to be better represented in faeces, whereas the abundance of 284
Tenericutes and Betaproteobacteria in the same intestinal regions appeared to be better represented in 285 cloacal swabs. 286
In addition, we examined how well the abundances of different bacteria correlated between 287 samples from the same host individuals ( Figure S4 ). Overall OTU abundance in the ileum was weakly 288 correlated with faeces (r = 0.162), but more strongly with cloacal swabs (r = 0.493). In contrast, 289 individual faecal samples showed extremely high correlations to both the caecum (r = 0.872) and the 290 colon (r = 0.893), whereas cloacal samples only showed intermediate correlations to the caecum (r = 291 0.509) and colon (r = 0.538) ( Figure S4 ). 292 293 294
Differences in abundance of specific OTUs in the cloaca and faeces versus the gut sections 295
Next, we analysed whether specific OTUs were more or less abundant when using either of the two 296 sampling techniques by testing for significant differences (q < 0.01) in OTU abundance in the cloacal 297 and faecal samples compared to the three gut sections (Figure 4 ; Tables S4-S9 ). Consistent with our 298 previous analyses, we found the highest number of significantly different OTUs when comparing the 299 ileum to both the faecal (n = 307) and cloacal samples (n = 250), followed by the comparisons with 300 the caecum (144 significant OTUs for faeces versus 123 for cloacal swabs). The colon showed the significant OTUs (n = 64) compared to faecal samples (n = 32), indicating substantially more 303 differences between cloaca-colon than faeces-colon (Tables S8-S9) . 304
We further evaluated the taxa that showed significantly different abundances across the six 305 sample comparisons. Relative to the ileum, a large number of OTUs in the phylum Firmicutes were 306 significantly more abundant in both faeces and the cloaca (Figure 4 ; Tables S4-S5 ). The most 307 significant Firmicutes families included Ruminococcaceae, Lachnospiraceae, Erysipelotrichaceae, 308
Clostridiaceae, and Christensenellaceae (Tables S4-S5 ). The Enterobacteriaceae (Proteobacteria), the 309 Verrucomicrobiaceae (Verrucomicrobia), and several families within the Bacteroidetes were also 310 significantly more abundant in both faeces and the cloaca compared to the ileum. When comparing 311 sampling methods against the caecum, several Firmicutes bacteria showed significantly different 312 abundances in both directions (Figure 4) . The caecum showed, however, a significantly higher 313 abundance of Bacteroidetes relative to both the cloaca and faeces, with one exception: an OTU within 314 the Rikenellaceae, which was completely absent in the caecum samples but present in both sampling 315 methods. Interestingly, the cloaca had a lot more significantly different Proteobacteria OTUs (n = 19) 316 than faeces did (n = 2) in the comparison with the caecum, and 94.7% of those were more abundant in 317 the cloacal samples (Figure 4 ; Tables S6-S7 ). Finally, the comparison between the colon and faeces 318 only resulted in 13 significantly different bacterial families within five phyla, while the difference 319 between the colon and cloaca was much larger and phylogenetically broader, representing 28 320 significantly different families from 11 phyla (Figure 4 ; Tables S8-S9) . 321
Discussion

323 324
Measuring the gut microbiome of birds and other animals is becoming increasingly important for 325 ecologists and evolutionary biologists due to its potential implications for host fitness. Numerous 326 studies sample either the cloacae or faeces of birds as a proxy for estimating the bacterial community 327 in the gut, however, it has remained untested whether cloacal or faecal sampling constitute accurate 328 ways of measuring avian gut bacteria. In this study we examined the microbiota of cloacal swabs and 329 faeces and compared them to the microbiota in three different sections of the gastrointestinal tract. We 330 found that cloacal swabs were less accurate at representing the microbiome of the colon relative to 331 faecal samples, which had more similar community composition and abundances of bacteria. Neither 332 faeces nor cloacal swabs could, however, accurately estimate the bacterial communities of the ileum 333 and the caecum. These results have important implications for the interpretation of bird gut 334 microbiomes, and we hope they will aid researchers in the planning of future studies. 335
The different sections of the gastrointestinal tract were associated with spatial heterogeneity 336 in their bacterial composition, which is largely expected given their different physiological functions. 337
The ileum is the final part of the small intestine and has a primary role of absorbing nutrients from 338 food while maintaining a neutral pH. In our study, the ileal microbiome had the lowest alpha 339 diversity, which is consistent with other studies investigating the small intestine of birds and reptiles 340 to be simply explained by differences in the total abundance of different bacteria (e.g. more abundant 358 bacteria might be more widely distributed in the gut and so more strongly correlated across samples), 359
as some classes of bacteria had high numbers of OTUs, but were poorly correlated and vice versa 360 (Table S3 ). The strength of correlations between different sample types may potentially reflect the 361 fact that different bacteria vary markedly in the environmental conditions they can tolerate, and hence 362 the breadth of their spatial distribution in the gut. The causes underlying this variation require further investigation, but by presenting effect sizes of the strength of associations we hope to provide useful 364 information on which bacteria can reliably be monitored in different locations of the gastrointestinal 365 tract (Tables S2-S3) . In conclusion, for gut microbiome sampling of birds, we recommend faecal samples 381 whenever possible, as this sampling procedure best captured the bacterial community of the colon. 382
385
We are grateful to all the staff at the Oudtshoorn Research Farm, Western Cape Government and 386 Naomi Serfontein, Maud Bonato, and Julian Melgar for assisting during the collection of samples. 
